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ELECTRONRESPONSE THEORYOF LA’lTICE VIBRATIONS:
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we bd the Ilartree approximation, the determlnantal wave function, and the

Hartree-Fo& ~qii~tions.b

The faacinntion of solld state phymicn today 19 that w are finally able to

put the plecea together: w are uniting the two disciplines which were formally

separated in 1977. The proce6s of development up to today la t~dced in thr!

following diacuaaion, and some implicatlona for th~ future are presented.
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over frequency. In this way the Dehye model Rives a universal curve of heat

capacity as a function of temperature, scaled for each material by its own

characteristic temperature, and Debyc showed in his original paper that his

fuuctian gave an excellent account of the measured heat capacities for many

solide. So well did DebycFs elastic continuum model agree with experiment, thnt

it had the effect of removing the motivation for furthrx theoretical work for

the next twenty years.

It IIS well known that there was also published at the same time a theory

which took into account the atomic structure of renl solids. This WS the 191?

paper of Born and von Kdrm~n, 7 who solved the prototype lattice dynamics problem

of a linear dlatoni~ chain with nearest-neighbor harmonic forces. In the

following year they al~o EII1OWCWIthat their atomic model in three dlmcngions

should gjvc the sumc low-temperature T3 behnvfo!- of the heat eapactty as does

the lkbyc molicl. But wory theory i% an :~pprnximntinm, and physicists hnvc n

strong tendency t.o u~r the ~fmplcst theory its long fin it nRrecs with experi-

ment. Mcnnwhfl,co howworj cxpcrimrllnllntll arc nlw:lyN rcfintiq thrir mwisi:re-

mentH. ‘ly the cnr],y 1930’M, mcntiurwl Iwilt cnpnc’ftl,~~ nhowcd dcvinttmns from tlu~

I)cbyc mdrt; Huch dcvlntton~ wrrr cu~t(lmurlly shown in grnphs of thr cffwtivr

(oxportmrf,tnl) I)t*hyc* ti~mpornturo nn n fun[:t, lnu OF WmpOrnturr O TIM*rouvlnrin}:

* W!IONhowrd hy nllm[~rfrnl cillculntf.llllH Lhtcxplni:~lt ion W(UIflivivl hy Nlnrkmun,

ntOmtr m(.drl!l rmild Mfvr Vlirlilt{llll H iII tlir ~’ff(’r[ [w Dvhyu t~mpcrilturr, nlmllnr

W tho vurlnt Intwi ltOOn fIt t~xporlmontw. It IR of !nLoront (o not’r Ihnt l\Lnrkmnli

Wntl I’11(’!ulrn}:(d In I}{M Wt)dl hy Ilu’ Ul)lqull.mlfl lkll”ll. Fll]:llly ?.I 1940-41 rnml~ Krl -

Iormnnn’fl rnlrllliit Ionn oil Nn(:l .’) Kr I I rrmn~ui io{~k r~’ii1 I t:t Ir for( (on IM’IWWIIIr i}!IcI

I!)IIM, lt~iml~l y f:~)II I Imlh lnl t~rnrt ICJIUI bvt wwn PI) t III rlinr}!i~~:, plun no,lr~~nt -UO I~hhor

rrul ri~l rl~pul HIINI, 1111{11“:1I l’tl I II f O(I t k I r{’iiii(*nrv (1I nt r !Iltlt Ion i“uu(”t II!II Ilnd nwtu.t~
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the heat capacity. Hi r-suit, Figure 1, shour the variation of Debye tempera-

ture due to phonon dispersion in the NsC1 acoustic branches, ●ml the calculation

ia in beautiful agreement wfth exi~riment. With this work, the dincipllne of

lattice dynamics was securely eetablinhed. “

Of the many lattice dynamics calculations *ich follo-d, one la of psrti-

culat intereet because of its artimtic ingenuity. Leighton10 wrote down the

secular ●quatioi. for a two-force-constant model for a face-cemtererl-cubic let-

tice. lie then proceeded to carve plaater-of-Paria models ot the conntant-

frequency aurfaccs, and to determine the frequency distribution function by

measuring the volms enclosed between euccennive surfaces. The volume measure-

ment war :w’rnmplinhed by uelghinB the model~ In air, and nlao oubmerged in

water. Th@ computation gave a god account of the phonon dlepersion ●ffects on

the I)chju trmpcrature of ~ilver. When I think of this tamk, I picture a petttvit

man sitti~ on a LIb atocJ, white smudgca of platiter dust on his knees and

OICCVCS, cnrvcd nndglfi nrrnn~cd around the work area , and hc is leaning over tlw

bench Hculptl~, a rurvod ~urfncu with strokem of a Hcnlpcl - ●nd he smiles n~ ho

worka.

An event of ~rcnt impmrtnncp took plncr in 1955; thnt USM tho nnnounccmrnt

hy ~r,x~hounr nnd !krwnrt of the ~lrwr mmuulrcmmt of n plumm frcquon(y mncl

wnv4wrrLor by lIIr141HLlc nouLron m’ntturin~. 1’ Sinr.t’ thnt liu, thiH Lcrhnfqur

hnc providrd ur ●ltll w firt’:lt d-nl nf hlfihly mrrurnkr Infnmstlnn, rhrcm~h tlw

mrnnurt’mmit 01” phnnon ~~.outri~ [n n firont, vitrtoty d cry.ltn]s. Slncr thrHc diltil

prnvldu thr moflr dlrwl ril~t of lutrmunlr lntl Irr dynnrnfcn thmory, thr cmphu~l~

of ihrory him Mhl ftod nwny : t)m rompllt IIIM tho hrnt l!il’ml’ I t y, Illlbl t nw:lr(l CIFtll I I W1

ntUd [W Or Lhc’ ImllnIpl #’! O H(’1 d plIIIIIOII dt Hprr~l inn rurvw in hfRh-~vmmrtry dl ror-

t Iolln. (M t hw 01 hvr hnn.1, r~nnpul u t I nil oi t Ilo’rmndylinm lr rurutitmn illHtill qulto
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Figure 1. Tempcratllrc clepcndcncc of the Dcbye temperature for NaCl [from E.W.

Kellcrmann, Proc. Roy. Sot. AI.78, 17 (1.941)]. Smooth line is from

cxpcrirnmtal. heat capacity, circles arc Kollcrmannls cnlculntion.
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useful in tenting theories which go beyond harmonic lattice dynamics, as for ex

ample in ●lectron-phonon Interaction effects. We note that the modern method of

calculating thermodynamic functions does not use the frequency distribution

function, but goes back to the original stat.f.clcal I,,whanlcal expressions, and

●valuates directly the Brilloui-.1-zone sums of func.tionb of L% phonon frequen-

cies and eigenveciors. 12

In the study of ionic cyscals, the idea of electron response in lattice dy-

namics was introduce i by allowing the Ions to defcm as they move. In the time

of Kellermnn’s wrk, it was known that the elastic constants of alkali halides

satisfy reasonably well the Cauchy relat’ons , which is consistent with rigid

ions. But there was something wzong with the optical behavior of rigid ions,

and people were already studying polarizable ion models; this led eventually to

the development OF shell models , which have heen widely applied and are still in

uae today. In 1%1 Tolpyg01.3 $nd Mashkevitch,14 using quite different philo-

sophical approaches. arrived at quantum mechanical justifications of shell model

equntions. But j.t W,IS in the study of metals where the thcGry of electron

response was developed fn ita greatest ~lmpl~cj.ty, a ● with fur renchi.ng con:.r-

quenccs; we tllrn next to thtit episode.
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electron function with gradient zero on the sphere surface. This solution was

supposed to represent the lowest-energy conduction state, and Wigner and Seitz

then assumed the higher conduction states had free-electron energies relative to

this lowest state. This remarkably simple picture of the electronic structure

of the crystal gave a good account of the cohesive energy, Lhe equilibrium lat-

tice constant, and the compressibility of sodium. The magnitude of the numeri-

cal work is seen from the following interesting quote from the 1933 paper of

Wigner and Seitz: “The calculation of a wave function took about two after-

noons, and five wave functions were calculated on the whole.’”

A few years later, Fuchs16 showed that the same physical picture of the

electronic structure can account for the cohesive energy and the elastic con-

stants of Cu. An important contribution was made by Bardeer, 17 in his studY of

the clectricnl conductivity cf monovalent metals. Ilardcen noted that the ~r-

turhation potential acti~ on an electron, ns a result of the motion of the

ions, is the changr I.n the potential of the ion sy~tctn plus tlw chanflc in the

self-consistent flclcl of the t=lcctronsm He further Nhoucd tl, t thi~ total po-

tential is Just the hurt-ion potcntinl scrccnwl, and hc r~~prcs~mtvcl the scrrcn-

ing with n dtelcctric function. ACtcr n 10V, dclny duc to the war, pro~rcsfl rr-

sumcd with thr ‘wrk of TrJya fn 195tl.18 Toy:l formulntml th(’ Lnttlcc? dynnmi.c~

problcm In terms of n dln~:onal cliolcctric funrtion; hr Ilswl tl:irdrcn’H wrccnrd-

ion potrntlnl, with n troo-cloctron rv:lluntlnu of tho dtcll~ctrlc fuuctiotl and

npproximnto corrcutlonu for cxclwIm~[~ dl:ld Corrclntlon, :Ind Cnlru]ntrd phonon

dt~pc*rMion cllrvi’~~ for Nn. ThF thvory cent.nlnod two plrnm(~tt~r~ d~icli wrv fll~vd

to crrtnfn d:ltn for Nn, nnd thr compuld pllomm rurv(~n turnvfl out- LfI ho In IKMN1

a~rr{~mruL w[th ~IWl:II:l I(’ n{-lltron w:ltforill}~ m~l:lllilrf.~ml~llt~, pul!iffllw[l lloml~ yl,nrn

lntrrm It III n(~tuwortlly thnt ‘1’1), iIltx) m~ldt~ c:IlcIIl:itlt)IIf4 f[)r CUB w!th ~lml I:lr

!411rrl’!lll.
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It wns a mnall step from the theory of Toys to pseudopotential ~rturbation

theory. Nevertheless this step exerted a profound fnflucnce on the direction of

me!als thecry, becaus[: of the remarkable simplicity of the pseudopotcntial for-

I Ilation. In 1964, Hi~rrlson19 calculated the Fhonon frequencies of Al from

orthogonaliznd-planew,~vc form factors, and in 1965 Sham20 produced an ultimately

Dimple local-pseudopoi:ential formulation from which he evaluated ‘he phonon fre-

quencies for Na. In the following years there appeared a ma~or worldwide effort

to apply this theory t~ all aspects of metal physics.

The physical basif: of pseudopotential ~rturhation theory is as follows.

The electrons in the metal are divided into tm groups, the core electrons which

move rigidiy with the nuclei, nnd the conduction electrons uhich deform aignifl-

cantly ma the nuclei move. The conduction clcctrona must be orthogonal to all

the core electrons: when this rcquircm?nt is f.ntroduccd nxplicity into the con- .

duction-electron Schr&iinCcr equation, tho prohlcm is transformed into n pcrtur-

hation prohlcm whusu soluttons nrc l’~cll(l-wnvcfunctlons and true electron cncr-

~icfi. Ilccausc the pseud(>potcntL:ll cnn hc treated aN a porturbatimr, it is cnHy

to study the tr)tnl ~yHtcm cncr~~) for nrhitr;lry poHit[onH d the nuclct. This

allowM t.ho theory Lo hc ;ipplicd t{, prohlL*ms hoynnd hilrnl(]llic l{ltticc dynnrnics,

SUCII nH nnh:lrrnonlc cffrctti nnd vvrn l!.qufrtti. ‘lh liHt nf propcrtloH whJch cwn

ho r~ution~lbly nccllriltu!y L:oml]llt.rd from [lRt’U[lOl)otlllltl ill th(wry 1s truly

implmt’s~;ivr; It lIK!lIIdISN Lk Hltupc of tk Fc*rml rwirf”lt!r, Ltw! prcHnurr dupon(lonro

of tlIv r’rrrnl ~url;ic(!, tlw colI~’NlvtS rnrr~;y, tlw mout:-iitnhlo rryntal Htructur~.,

d(’frc[ vilvr}q I(*H , tllr 1)11011011Flprrtrlim {III(I plK)IloII (;rt’inl’lficll txlr:mwti’r~, thv frr-

f{lll~llry-ill~l}rll{l~tllt {~pl Irdl I}roport. lott, rmHIHtlv[ty of Ilqllld lIIrt{lI:l, lltrtlc~llrilt

phnw rhnn}:r [h’ tcl :1 rll’ln~:l’ III tompurnt uro, ol(~rt roll-plh~llon rnlwlilri~m{int i~f tlw
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electronic heat capacity, electronic thermal erpansion, and the auperconducling

transition temperat~rc. The conclusion, which wae clear by 197n, la that for

those simple metals for filch paeudopotential perturbation thuory should apply,

● fundamental unification: of a wide range of solid rotate theories had been

●chieved. As an illustration of the kind of results produced in those days, 1

show in Figure 2 came calculated phonon dlaperaion cu~ee for Al, solid lines,

compared with measur~d values *ich are the dots.

The last major development up to the “present time” in the theory of lat-

tice dynamicn -s the presentation by Sham21 in 1969, and by Pick, Cohen, and

Martin 22 In 1970, of the formal theory which is”called the microscopic theory

of lattice dynamics, or the dielectric function method. The two works wre

overall quite similar, and shared the followi~ characteriatica: they wre de-

signed to apply specifically to in~ulatorE, the electron-nuclear potential ws

taken as the Coulomb potential of [Joht chargcn, the dynamical matrix waa ex-

pressco expliclty in terms of the invermc dielectric function, and both ~pcr~

derived in microscopic Lcrmn the ncox:”tic sun rule and the Lyddane-Sac~’p]-Teller

relation. Some Interprcttve comments about the microscopic thcnry might k uac-

ful. First, th theory prcecntmd by Shnm and by Pick, Co~lrn and Murtin is

valid, w[lh only minor modification, for mctnln m well as innulatorH. Furthcsr,

the hare nuclcm potcntid can k replaced throu~hout by nn ion corr pomntl-l!.

l’here nrc three dLffercnt but equivalent wlyu J.n which the phy~ic:ll cnntm”. of

the nrnuntic HIm rule can h ntiitd: it is tlm rcqulrornonl’ thnt L.hc*nrnuwtlc

phonnu frqurnclrs RO to 7mro nn tho Wnvcvuctor I:oon Lo 7x’ro: lt Is Lhl’ rcqulr.’-
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it. Finally, an essential dlffermce between the electron responac of metaln

●nd of irgulutors is easily pictured in terms of the d+~lcctric-func tion fnrmu-

latio ‘. If onc considers a J.ntticc of nuclei, or ps~tivc ions, in a rl~id

negative charge distribution, the longitudinal acouatic mode at zero wavevector

has frequency equal to the plsama frequency uf the nuclei. If now the negative

cha%ge is allowed to deform, t}at is to ccreen the ❑otion of the nuclei. then

the longltudinol acouatic mde frequency at zero wmvevectnr la reduced to zero.

For a metal this reduction cm be accomplished with only diagor,al acrcening,

that 10P when only diagonal elumemt~ of the dielectric function a“e considered.

This ie becauae in a metal ttm energy nap bctwccn occupied and unoccupied ●lrc-

tron,tc 1CVC1O is zero, which mnkea diagonal componcntn of the dielectric fu.:r-

ticn ~o to infinity in the lonfl wavelen~th limit. On the other hand, for an in-

aulatnr thcr~ in an enerfiy Rap in the electronic npcctrum, the rliclcctrfc funr-

tion ramafnn finite, r nd tlw longitudinn.1 ncoutitlr modo frcqwcncy cnnnnt be rc-

duccd to z~io hy ulnRnnal scrcuning nlonc. Tn nth.~r wordH, to mntifify tk

Elcollntic Hlan ;U!.c, n din[:onnl dfrlrrtrlr funrLinu lH ~~iffiricnt fII motill~, WIIIIP

tn lnnuhtor~ the ~fi-diil~ollnl elcml’nt~ mu~t INSk{’pt.
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An important aspect of the present &riod in tlm maturity of the theory cf

●lectronic Rtructurc of aolida. After four dccadaa of development under the

Zc,ldc:ahip of John Slarer, dnd thn mrk of hls ntudcnto, and the wrk of their

●tudcnta, with AW awl atatia~ical exchange ad the use of latge ccmputurn, uc

now hevc dutailed solutions in the tine-electron approximation for practically

any crystal of Intcreat. By th earlv 19Y0’a it wam poaaible to calculate by

this theory tlw coheai~e emrgy, equilibrium lattica spacing, and comprcasi-

billty of clemcntd crystals.23 The availability of good electronic btructurcs

is proving now to he extremely valueble in developing the microscopic theory of

electron rcaponae; this theory m, atter all, an ixpliclt statement of the fact

she: the electronic atruc~urc channes in rccponsu to m appliad perturbation.

This connection ha oncourn~cd a healthy incrcuae in Interdisciplinary mtwly

amow, IIoliti !;t.~tephynlcist~ today.

Onc prnblm 0[ intcre~t in in connection wtth Hupcrcnrwluctivity. There in

a deep rcintlnn hrtwrcn thu micrn~copic theory of phononm nnd thu tlordccn-

Cooll~*r-”S(~llrIL’f’l~*rlhoory OF slll}or~:nll[luctlvity. IMh IMIVU nt hnHc L;IC ficrctmvl

CICCI ron-lon fntrrflrl [on; tn phonmw LIIIM {’r~cru throu~n tl~~’ ~.rwld lm-ku

Intvrmtlnn; fn ql,lll~rl.nl~elll~.tIvlLy It ontcrH throu~h tlw pllntlnl.-mr{:tntc’il rlrc-

tron-vlertron lntur{lcLlon. Now i.lMSAmO!W ml t’xlx’rlmrntnl rorrrl/’Llnu hot.wtwu IIW

appoilrnnru of unornnl IUN in thu phonon diHporpfcm curvtvl, and tllfitl H1ll)c~r[”{llltlllct -

ln~: lr~lll!+il 1o11 l.rmprrnturu. TIM* fnrt thfIL tht - ~uhtlo proh _ 1., hr!nf! Ntiidlrd

ou iht’ IOVC’I OS t hr rlwlrov-imi intl’ro~(:tlmi IiIId tho diclorl”L II” funr Llou HhOWFI

fiw prc*n1911i Ic’vI~l of nllphltif lc’Ittl I)l! Ilf 1110 fll{’~lry.

Thrrc~ iu~ti hoc-u murh w{)rk !n tho 197(” H on (’OV{IIISIII m~llorlnlg. A m~ljor Ilw-

rrrtlriil drvlrr In :’ll M ~irw Ill I)llI~tltlt)[ll) ll’111 I:lln, Wllll’11 Inlly tw 111’IVI-MIIW1 It) rt~-
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diver~e bacause of the pranenm of tlm mqercondurtirw groundntatc; 25 ~hg

aonmdiabntic Hmiltmlm contain”, term of all mrdorn In the ●lectron-plmnon—.

intcmctlon. Iknco im infinite order cnlculntion of the firrt-order

●leciron-phonon tcm, ouch ●s Himdm126 hae dorm, is not ●ufficiant for a real

metal in strong coupling. One Impea rmt to have to daal with mtrong couplinK in

practice; in this connection w note that, in practical cnmputationa, tho

●lectron-phonon interaction mffe~~a dapul on tho rktaila of the adidtatic

●olutfon which ham been obta~ned.
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depending explicitly on thz external potential js a Univcrnal fmctionnl, ●nd

the correct groundstata electronic danatty minimizcg the energy functional.

This Lheorcm IUIS bucn US(VI In a form which still requircJ self-c~n~iat~iit

8olution of a ect of sin~le electron equationa, 28 but t~~ attraction of the

theorem is on a dcepr lCVC1: from it one knows that it ❑ust be pooible to

find the groundntatc of the syatm by Eolvi~ a IIinglc equatjon for a single

function, namely the cloctronic denalty. The problem ie, we don~t know the

functional, #o w don’t know tha equation to solve. But, looki~ agnln to the

future, nnc cnn bo nure that pnyaiciato will not Im eatisficd mtil this

qut?ution in anmwcrod.

I have onu commcnL of vnroura~em~nt tind admonition ior the youn~cr lxmplc

in rcaunrch toclny. 1 havv oftnn heard cxprp~mod tlw dfm prophecy that any dny

now, rnmputcrs will t~lkr nwr the rcat of the work th,it ncimln to he done. “WC

will only hnvr Lr) progrnm the !k!hrtidin~;cr cquntion, nnd fitnnt cumputcrH wfl~

molve wcry prohlom in m!ld ntntr pllyMiCHo- TIIiH [H nonm’mm. Thut cnmput~~r

dmm IIOL uxl~t today, nor wIII lt ~’vor cxlst, an fnr Into t’m future nn T rnn

Me@● Th pl}yH1r.n of mnny-pnrt.lrLc tiytitrm~ In oatrrmrly CIMIIJIIIX: l~ro};ru~n wIII

al bNIyH dt’prnd on tlu’ nhll lLy of tlw nclunti~t h wpntntc~ out fIrd mnlirr Htnr,ll nrw

nqn*ctH of tlw prnhlvm. Th f N 1n hn rd work, hut for Lhow wh OXIUW t 111s9

r..tmputrr I o do I 1 for t hrm, pro~ravlH wi I 1 Murrl y Htopo
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